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Temperature in degrees Celsius (°C) can be converted to degrees
Fahrenheit (°F) as follows:

°C = (°F - 32)/1.8

Sea level: In this report "sea level" refers to the National
Geodetic Vertical Datum of 1929--a geodetic datum derived from

a general adjustment of the first-order level nets of the United
States and Canada, formerly called Sea Level Datum of 1929.

The use of brand names and names of companies, organizations,
or individuals in this report is for identification purposes
only and does not constitute endorsement by the U.S. Geological
Survey.



GLOSSARY

The following are definitions of selected technical terms as they
are used in this report; they are not necessarily the only valid
definitions for these terms. Terms defined in the glossary are
in bold print where first used in the main body of this report.

Alluvium.--General term for deposits of clay, silt, sand, gravel,
or other particulate rock material laid down by a river in a
streambed, on a flood plain, or on a delta.

Alpha particles.--The nucleus of a helium atom ejected from a
radicactive nucleus when it disintegrates. They can
penetrate matter for only a short distance and are usually
a health hazard only when radiocactive material emitting
alpha particles has been ingested or otherwise absorbed
into the body.

Anion.--Ion that has a negative electrical charge; for example,
nitrate and chloride ions are anions.

Annular space (annulus).--The space between casing or well screen
and the wall of a drilled hole.

Anthropogenic.--Related to or originating from human activities.

Aquifer.--A geologic formation, group of formations, or part of a
formation that contains sufficient saturated permeable
material to yield significant quantities of water to wells
and springs.

Aquifer system.--A heterogeneous layered body of aquifers and
confining units that functions regionally as a hydraulic
unit; it comprises two or more aquifers separated at least
locally by confining unit(s) that impede ground-water
movement but do not greatly affect the regional hydraulic
continuity of the system.

Aquifer test.--A test to determine hydrologic properties of the
aquifer involving the withdrawal of measured quantities of
water from or addition of water to a well and the measure-
ment of resulting changes in head in the aquifer both dur-
ing and after the period of discharge or additions.

Argillaceous.--Geologic materials comprised by a notable
proportion of clay.

Artesian.--Synonymous with confined when referring to aquifers.
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Artesian spring.--"An artesian spring is one whose water issues
under artesian pressure generally through some fissure or
other opening in the confining bed that overlies the aqui-
fer. Such springs, by definition, occur only in areas
of artesian flow, where the potentiometric surface is above
the land surface." (Meinzer, 1923, p. 51)

Artesian well.--Well tapping a ccnfined aquifer in which the
static water level is above the top of the aquifer; a
flowing artesian well is a well in which the water level
is above the land surface.

Bacteria.--Microscopic unicellular organisms, typically
spherical, rodlike, or spiral and threadlike in shape, often
clumped into colonies. Some bacteria cause disease; others
perform an essential role in nature in the recycling of
materials, for example, by decomposing organic matter into
a form available for reuse by plants.

Baseline monitoring.--The establishment and operation of a
designed surveillance system for continuous or periodic
measurements and recording of existing and changing
conditions that will be compared with future observations.

Bedding plane.--A plane that separates two strata of differing
characteristics.

Bedrock.--General term for conscolidated (solid) rock that
underlies soils or other unconsoclidated material.

Beta particles.--Electrons emitted by the nucleus of a
radiocactive atom when it disintegrates. They may have
high or low energies but are generally only moderately
penetrative. Although they dissipate their energies
relatively quickly, they may represent an external as well
as an internal health hazard.

Bimodal.--A frequency distribution that has two maxima.

Brine.--Water that contains more than 35,000 milligrams per liter
of dissolved solids. See also Saline water.

Buried valley.--Valley incised into bedrock, filled, and covered
with unconsolidated deposits.

Cation.--Ion that has a positive electrical charge; for example,
sodium and calcium ions are cations.

Censored data.--A set of data that is comprised, in part, by

values shown as less than the level of detection of the
measurement.
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Coliform group.--Group of several types of bacteria that are
found in the alimentary tract of warm-blooded animals.
The bacteria are often used as an indicator of animal and
human fecal contamination of water.

Confined.--A modifier which describes a condition in which the
potentiometric surface is above the top of the aquifer.

Confined aquifer.--Aquifer in which ground water is confined
under pressure that is significantly greater than
atmospheric pressure. Synonym: Artesian aquifer.

Confining unit.--Layer of rock having very low hydraulic conduc-
tivity that hampers the movement of water into and out of
an adjoining aquifer.

Contamination.--Degradation of water quality as a result of human
activity.

Crop out.--To appear exposed and visible at the Earth's surface.
See also Outcrop.

Detection limit.--The minimum concentration of a substance that
can be identified, measured, and reported with 99 percent
confidence that the concentration is greater than zero.

Dewatering.--Removing or draining water from a streambed,
caisson, mine shaft, quarry, or aquifer by pumping.

Discharge area (ground water).--An area in which subsurface
water, including water in the unsaturated or saturated zone,
is discharged to the land surface, to surface water, or to
the atmosphere.

Dissolved solids.--Minerals and crganic matter dissolved in
water.

Distribution.--A statistical frequency of occurrence of chemical
concentration values or other data.

Domestic withdrawals.--Water used for normal household purposes,
such as drinking, food preparation, bathing, washing clothes
and dishes, flushing toilets, and watering lawns and
gardens. Also called residential water use. The water may
be obtained from a public supply or may be self-supplied.

Drainage well.--A well installed to drain surface water, storm
water, or treated waste water into underground strata.

Evapotranspiration.--Collective term that includes water
discharged to the atmosphere as a result of evaporation from
the soil and surface-water bodies and by plant
transpiration.
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Fecal coliform bacteria.--Bacteria that are present in the
intestine or feces of warm-blooded animals. They are often
used as indicators of the sanitary quality of the water. 1In
the laboratory, they are defined as all organisms that
produce blue colonies within 24 hours when incubated at
44.5 °C (degrees Celsius) + 0.2 °C on M-FC medium (nutrient
medium for bacterial growth). Their concentrations are
expressed as number of colonies per 100 mL (milliliters) of
sample.

Fecal streptococcal bacteria.--Bacteria that are present in the
intestine of warm-blooded animals. Their presence in water
is considered verification of fecal pollution. They are
characterized as gram-positive, cocci bacteria that are
capable of growth in brain-heart infusion broth. 1In the
laboratory, they are defined as all the organisms that
produce red or pink colonies within 48 hours at
35 °C + 1.0 °C on KF-streptococcus medium (nutrient medium
for bacterial growth). Their concentrations are expressed
as number of colonies per 100 mL of sample.

Flow.--As used in this report, movement of water.

Flowing well.--A well tapping an aquifer where the potentiometric
surface (water level) is above the land-surface elevation.

Formation.--The fundamental unit in rock-stratigraphic classifi-
cation, consisting of a distinctive mappable body of rock.

Fracture.--A break in rock units due to structural stresses.
Fractures may exist as faults, joints, and planes of
fracture cleavage.

Freshwater.--Water that contains less than 1,000 mg/L (milligrams
per liter) of dissolved solids; generally more than
500 mg/L is undesirable for drinking and many industrial
uses.

Glacial drift.--A general term applied to all materials trans-
ported by a glacier and deposited directly by or from the
ice, or by running water emanating from a glacier. Includes
unstratified material (till) and stratified material.

Ground-water basin.--A general term used to define a ground-
water-flow system that has defined boundaries and may
include permeable materials that are capable of storing
or furnishing a significant water supply; the basin
includes both the surface area and the permeable materials
beneath it.

Ground-water divide.--Ridge in the water table or other
potentiometric surface; ground water moves in both
directions normal to the divide. See also
Potentiometric surface and Water table.
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Gypsum.--A natural hydrated calcium sulfate, CaSO.,*2H,O0.
A common evaporite mineral used in the manufacture of
plaster of paris and wallboard.

Hardness (water).--A property of water that causes the formation
of an insoluble residue when the water is used with soap and
a scale in vessels in which water has been allowed to evap-
orate. It is due primarily to the presence of ions of cal-
cium and magnesium. Generally expressed as milligrams per
liter as calcium carbonate (CaCO3). A general hardness
scale (Hem, 1985, p. 159) is:

Hardness concentration
in milligrams per

Description liter as CaCO3;
Soft----------—mo————— 0- 60
Moderately hard----------- 61-120
Hard-----------==-----—-—- 121-180
Very hard--------—---———--- More than 180

Health Advisory Level.--Guidance contaminant levels that would
not result in adverse health effects over specified short
time periods for most people.

Hydraulic gradient.--Slope of the potentiometric surface or water
table.

Hydrograph.--A graph relating stage, flow, velocity, or other
characteristics of water with respect to time.

Impermeable.--A characteristic of some geologic material that
limits its ability to transmit significant quantities of
water under the head differences ordinarily found in the
subsurface. No geologic material is entirely impermeable,
but some are nearly impermeable.

Karst.--Type of topography that results from dissolution of
limestone, dolomite, or gypsum beds and characterized by
closed depressions or sinkholes, caves, and underground
drainage.

Leaky aquifer.--Aquifers, whether artesian or water-table, that
lose or gain water through adjacent less permeable layers.

Less-than values.--Analytical concentrations that are smaller
than the detection limit for the measurement procedure.
Designated in tables with a less-than symbol (<) preceding
the detection-limit concentration.

Lithology.--The physical character (composition) of rocks.
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MCL.--Maximum contaminant level established nationally by U.S.
Environmental Protection Agency; maximum permissible level
of a contaminant in water at the tap. Primary MCL's apply
to public water supplies, are health-related, and are
legally enforceable. The secondary MCL's (SMCL's) apply
to contaminants in drinking water that chiefly affect the
aesthetic qualities related to public acceptance of
drinking water; SMCL's are intended as guidelines and are
not enforceable.

Median.--The middle value in a series of ranked data--that is,
there are an equal number of values greater than and less
than the median. If the number of values is even, the
median value is halfway between the two middle values.

Milliequivalent per unit.--Unit that expresses the chemical
equivalence of ions or compounds by taking into account
their formula weight and ionic charge or valence. The
specific units include milligram-equivalents per kilogram
if derived from parts per million, or milligram-equivalents
per liter if derived from milligrams per liter.

Noncarbonate hardness.--That part of hardness in water in excess
of its bicarbonate plus carbonate concentration or
alkalinity.

Outcrop.--That part of a geologic unit exposed at the surface of
the Earth.

Picocurie (pCi).--A picocurie is one-trillionth (1 x 10~!2) of
the amount of radioactivity represented by a curie (Ci).
A curie is the amount of radiocactivity that yields
3.7 x 10!° radioactive disintegrations per second. A
picocurie yields 2.22 dpm (disintegrations per minute).

Potable water.--Water that is safe and palatable for human
consumption.

Potentiometric surface.--An imaginary surface representing the
static head of ground water in tightly cased wells that tap
a water-bearing rock unit (aquifer); or, in the case of
unconfined aquifers, the water table.

Public supply.--Water withdrawn by public and private water
suppliers and delivered to groups of users. Public
suppliers provide water for a variety of uses, such as
domestic, commercial, industrial, and public water use.

Radioactivity.--The property of certain nuclides of spontaneously
disintegrating, with emission of alpha or beta particles, or
gamma radiation, or particulate and gamma radiation simul-
taneously. The most common types of ionizing radiation
include alpha and beta particles, gamma rays, and X rays.
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Radionuclide.--Species of atom that emits alpha, beta, or gamma
rays for a measurable length of time. 1Individual radio-
nuclides are distinguished by their atomic weight and
atomic number.

Recharge (ground water).--Process of addition of water to the
ground-water system by natural or artificial processes.

Recharge area (ground water).--An area over which recharge
occurs.

Saline water.--Water that generally is considered unsuitable for
human consumption or for irrigation because of its high
content of dissolved solids. Salinity is generally
expressed as milligrams per liter of dissolved solids,
with 35,000 milligrams per liter defined as seawater. A
general salinity scale (Swenson and Baldwin, 1965) is:

Dissolved solids
concentration, in

Description milligrams per liter
Slightly Saline----------=—--—-—-—--- 1,000- 3,000
Moderately Saline---------—-—————---- 3,000-10,000
Very Saline--------==--=--=-c———————- 10,000-35,000
Brine------------=—----——————— oo More than 35,000

Sand-point well.--Well point installed by augering, driving, or
water jetting to depths usually less than 25 feet in sand.
Synonomous with drive-point well.

Semiconfined aquifer.--Aquifer that loses or gains water through
an adjacent layer (or layers) of lower-permeability
material. Same as leaky artesian aquifer.

Sinkhole.--General term for closed depressions. They may be
basin, funnel, or cylindrical-shaped.

Sinking stream.--A small stream that disappears underground.

Solubility.--The total amount of solute species that will remain
indefinitely in a solution maintained at constant tempera-
ture and pressure in contact with the solid crystals from
which the solutes were derived.

Specific conductance.--A measure of the ability of water to
conduct an electrical current, this is an index of dissolved
mineral content. Generally, it is reported in units of
microsiemens per centimeter at 25 °C (uS/cm).
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Spring.--A discrete place where ground water flows naturally from
a rock or the soil onto the land surface or into a body of
surface water.

Stage.--Height of the water surface in a reservoir or a river
above a predetermined point (may be on or near the channel
floor). Used interchangeably with gage height.

Subcrop.--Areal limits of a buried rock unit at a surface of
unconformity.

Surge block.--Device used as a plunger in the development of
water wells.

Synoptic.--Displaying ground-water or surface-water conditions as
they exist approximately simultaneously over a broad area.

Till.--Dominantly unsorted and unstratified drift, generally
unconsolidated, deposited directly by and beneath a glacier
without subsequent reworking by meltwater, and consisting of
a heterogeneous mixture of clay, silt, sand, gravel, and
boulders ranging widely in size and shape.

Total coliform bacteria.--A particular group of bacteria that
are used as indicators of possible sewage pollution. They
are characterized as aerobic or facultative anaerobic, gram-
negative, nonspore-forming, rod-shaped bacteria that ferment
lactose with gas formation within 48 hours at 35 °C. 1In the
laboratory, these bacteria are defined as the organisms that
produce colonies with a golden-green metallic sheen within
24 hours when incubated at 35 °C + 1.0 °C on M-Endo medium
(nutrient medium for bacterial growth). Their concentra-
tions are expressed as number of colonies per 100 mL of
sample.

Transmissivity.--The rate at which water of the prevailing
kinematic viscosity is transmitted through a unit width of
the aquifer under a unit hydraulic gradient. Expressed in
units of feet squared per day (ft?/d).

Tritium.--Hydrogen-3, the only known radioactive isotope of
hydrogen found in nature. It has a half life of 12.3 years
and disintegrates to form the stable isotope of helium-3.
The quantity of tritium existing naturally is so small that
its presence has no effect on the use of water.

Tritium unit (T.U.).--Concentration of tritium in water where
1 T.U. represents 1 tritium atom per 10'® atoms of ordinary
hydrogen.

Unconfined aquifer.--Aquifer whose upper surface is a water table
free to fluctuate.
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Vein.--Term used by well drillers to describe sources of water to
wells in carbonate rocks.

Volatile organic compounds (VOC's).--A group of lightweight,
synthetic organic compounds, many of which are aromatic;
sometimes referred to as "purgeable organic compounds"
because of their low solubility in water.

Water table.--Top of the saturated zone in an unconfined aquifer.
The water level in wells that penetrate the uppermost part
of an unconfined aquifer marks the position of the water
table.

Water year.--A continuous 12-month period selected to present
data relative to hydrologic or meteorologic phenomena during
which a complete annual hydrologic cycle normally takes
place. The water year used by the U.S. Geological Survey
runs from October 1 through September 30.
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GEOHYDROLOGY AND QUALITY OF WATER IN AQUIFERS IN LUCAS, SANDUSKY,
AND WOOD COUNTIES, NORTHWESTERN OHIO

by Kevin J. Breen and Denise H. Dumouchelle
ABSTRACT

The hydrology and quality of ground water were evaluated for
the surficial sand and carbonate aquifers in northwestern Ohio.
A locally important surficial sand aquifer in western Lucas
County was evaluated on the basis of data from 10 wells completed
in undeveloped and developed areas. The carbonate aquifer in
Silurian and Devonian bedrock at its northernmost extent on the
Ohio mainland was evaluated on the basis of data from previous
studies and data from 466 wells and 11 springs. Most data are
for the period 1985-88.

The unconfined surficial sand aquifer is less than 50 ft
(feet) thick. Clay-rich drift, which restricts vertical movement
of water, underlies the aquifer. Recharge is from precipitation,
and discharge is by evapotranspiration and by flow to local
streams and drainage ditches. Water levels are generally 2 to
8 ft below land surface and fluctuate a total of about 3.5 ft
seasonally in a forested area. Concentrations of iron and
manganese in ground water are excessive in some areas. Waters
from shallow drive-point wells in residential areas contained
larger concentrations of dissolved solids, hardness, sodium, and
chloride than did waters from identical wells in undeveloped
areas. The presence of nitrate nitrogen and other selected
constituents in ground water in residential areas, and the
absence of these constituents in ground water in undeveloped
areas, indicate that the surficial sand aquifer has been affected
by development.

In the carbonate aquifer, fractures, bedding-plane joints,
and other secondary openings are the principal water-bearing
zones. These zones can be areally and stratigraphically
separated by low-permeability rock. Leaky artesian or
semiconfined conditions predominate beneath most of the
1,400-mi? study area. The aquifer is confined by relatively
impermeable underlying shale of Silurian age and overlying
clay-rich drift of Quaternary age. Unproductive strata, includ-
ing evaporites, within the sequence of carbonate rocks also
confine some water-bearing zones.

The carbonate aquifer is part of a regional ground-water-
flow system; however, subsystems such as the eastern karst and
central outcrops are locally important. The potentiometric
surface indicates that recharge from areas south and west of the
study area flows toward discharge areas along major rivers
(Maumee, Portage, and Sandusky), to a buried bedrock valley in
central Sandusky County, and to springs and flowing wells. The
potentiometric surface flattens markedly near the southern shore
of Lake Erie, where ground-water levels approximate those of the



lake, indicating a hydraulic connection between the lake and the
aquifer. Hydrogeologic characteristics and water-quality data
indicate that Lake Erie is not a major source of recharge to the
aquifer. Ground-water ages inferred from tritium concentrations
and potentiometric-surface maps indicate that recharge from pre-
cipitation enters the aquifer by subsurface drainage in karsti-
fied strata in eastern Sandusky County and by infiltration in
shallow bedrock areas where drift is less than 20 ft thick.

The quality of water in the carbonate aquifer is described
with reference to 52 properties and constituents that character-
ize chemical, radiochemical, bacteriologic, and physical condi-
tions. Ground-water samples from 135 wells and 11 springs are
used in the characterization. On the basis of these data, water
from the aquifer is generally suitable for drinking and for most
domestic purposes. The most areally widespread aesthetic factors
limiting the use of ground water are hardness, concentrations of
dissolved solids, sulfate, and iron, and the presence of hydrogen
sulfide.

Selected bacteria are commonly present and may compromise
the potability of water from the aquifer. Coliform bacteria from
surface sources were found in 47 of 143 water samples. Analyses
for total coliform bacteria indicate that 36 of the 125 samples
from wells maintained for potable supply have bacteria counts of
4 or more colonies per 100 mL--counts that are bacteriologically
unsafe.

Concentrations of alpha- and beta-particle radioactivity
equaled or exceeded 5 pCi/L in many areas. The largest concen-
trations of beta-particle radiocactivity are in waters with large
potassium concentrations.

The trace elements selenium, silver, lead, antimony, cad-
mium, and copper are rarely detected in the samples analyzed.
Concentrations detected are generally less than 5 ug/L and never
exceeded the SMCL or MCL's for these elements. Arsenic, chromi-
um, lithium, mercury, barium, nickel, aluminum, and zinc are
commonly detected in the samples analyzed. Concentrations of
10 ug/L or greater are commonly reported for zinc, lithium, and
barium. Few aluminum and nickel concentrations exceed 10 ug/L.
Few arsenic and mercury concentrations exceed 2 ug/L. Chromium
concentrations greater than 50 ug/L are reported in 3 of 54 wells
sampled.

Volatile-organic compounds in concentrations greater than
3 ug/L were detected in only 1 of the 45 wells sampled. Cyanide
in concentrations greater than 10 ug/L was not detected in any of
the 48 wells sampled.

Variations in water quality are related to the geochemical
makeup of rock units, the thickness of drift overlying the
aquifer, and past and current uses of land in areas of shallow
bedrock. The presence or absence of calcium sulfate minerals in



the rock causes a bimodal distribution of concentrations of
dissolved solids, hardness, and sulfate in waters from the

Bass Islands Group. Dissolution of calcium sulfate minerals
contributes to excessive concentrations of sulfate that approach
2,000 mg/L. Sulfate reduction probably contributes to excessive
hydrogen sulfide concentrations in some sulfate-rich waters.

Waters derived solely from the Lockport Dolomite are rela-
tively dilute and are a calcium magnesium bicarbonate type.
Strontium concentrations as large as 50 mg/L characterize
sulfate-poor waters and are the result of dissolution of
strontium-bearing minerals in the aquifer matrix. Shale
mineralogies naturally soften water and increase sodium
concentrations, most notably in western Lucas County.

Br:Cl ratios were useful in tracing the source of large
chloride concentrations. Sources were the dissolution of salt
in evaporite-bearing strata and brine produced by o0il and gas
development.

Ground water in shallow bedrock areas is most likely to
indicate effects of past and current uses of the land. Concen-
trations of nitrogen, phosphorus, chloride, and dissolved-organic
carbon generally are elevated only in areas of shallow bedrock.

INTRODUCTION

The County planners and health officials of Lucas, Sandusky,
and Wood Counties, in northwestern Ohio, are faced with increas-
ing concerns relating to contamination and use of ground-water
resources in the three-county area. In response to a need for
detailed documentation of ground-water hydrology and water
quality in this area, a regional ground-water investigation was
made in 1985-88 by the U.S. Geological Survey (USGS), in coop-
eration with county and municipal agencies.

The carbonate aquifer in Silurian and Devonian rocks is the
primary source of rural domestic and irrigation water supplies.
Ten villages, with about 12,700 inhabitants, obtain public supply
from the carbonate aquifer. Therefore, the primary objective of
this study was to assess the ground-water resources in the
carbonate aquifer by (1) describing the hydrogeologic framework
of the aquifer system, (2) defining the directions of ground-
water flow, and (3) identifying factors affecting ground-water
quality. In addition, limited testing of water from the sur-
ficial sand aquifer in Lucas County was done to document water
quality in undeveloped areas and in developed areas where septic
tanks are used for disposal of domestic sewage.



Purpose and Scoée

This report describes the hydrology and water quality of
ground waters in Lucas, Sandusky, and Wood Counties, Ohio, with
emphasis on the carbonate aquifer in Silurian and Devonian rocks.
This report also describes the quality of water from 10 wells in
the surficial sand aquifer in Lucas County and relates water
quality to land use.

For the carbonate aquifer, hydrogeologic data for
466 domestic, industrial, irrigation, and public water-supply
wells and 11 selected springs are used to describe the aquifer
framework and levels of ground water in the aquifer (including
seasonal fluctuations). Those data are used to determine the
flow directions of ground water. The ground-water-quality data
base, developed from samples from 135 wells and 11 springs,
includes data for 52 properties and constituents.

Results are presented, in part, with reference to five areas
that allow delineation of ground-water flow and water quality at
a local scale. Maps of each area show (1) hydrogeologic condi-
tions and (2) hydrochemical conditions.

Water—-quality data are presented in reference to established
water—quality criteria. Graphs and statistical summaries of the
data are used to illustrate factors affecting ground-water qual-
ity, which includes the geologic unit that yields water to wells
and springs, depth to carbonate bedrock (drift thickness), and
historic land use for oil and gas production. Maps of selected
water-quality constituents are used to illustrate features of
regional significance.
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DESCRIPTION OF STUDY AREA

Topography and Drainage

Lucas, Sandusky, and Wood Counties (fig. 1) comprise about
1,400 mi? of Lake Plains in the Central Lowlands physiographic
province (Meinzer, 1923, pl. 28). The topography in most of the
area is flat with some local undulating ridges. The land-surface
elevation is greatest in southern Wood County and southeastern
Sandusky County (about 750 ft above sea level). The land surface
slopes toward Lake Erie at gradients that range from approxi-
mately 25 ft/mi in southeastern Sandusky County to 5 ft/mi in
Wood County. Near the lake, the gradients approach 3 ft/mi.

Lake Erie, whose mean surface elevation is 572 ft above sea
level, receives all of the surface drainage from rivers and
streams in the study area. Regional surface-water drainage
divides are shown in fig. 1. All except the area in south-
eastern Sandusky County (designated as "karst area") discharge
directly into Lake Erie, Maumee Bay, or Sandusky Bay.

Land Use and Climate

Multiple uses of the land characterize this part of
northwestern Ohio. Land use is predominantly agricultural in
Wood and Sandusky Counties. Residential, commercial, and
industrial land uses predominate near Toledo, whereas forested
and agricultural lands predominate in extreme eastern and western
Lucas County.

The climate is temperate. The 30-year (1951-80) mean-annual
temperature and precipitation for four weather stations within
the study area averages 50 degrees Fahrenheit (10 degrees
Celsius) and 32.4 in., respectively. Pan evaporation data are
measured in April through October at one weather station in the
study area. Annual evapotranspiration is estimated, as a
percentage of pan evaporation, at about 24 in. (Lyford and Cohen,
1988, p. 55).






Population and Water Use

Census figures for 1980 (U.S. Bureau of the Census, 1981)
show populations of 107,500 in Wood County, 63,300 in Sandusky
County, and 472,000 in Lucas County. The agricultural-based
counties have substantially lower populations and population
densities than Lucas County. The population of Toledo alone
is 355,000, and the population density is 2,200 inhabitants per
square mile. The large centers of population, including Toledo,
Bowling Green, and Fremont, are supplied by surface water from
Lake Erie, the Maumee River, and the Sandusky River,
respectively.

In the rural areas of the three counties, water from the
carbonate aquifer is the primary source of domestic supply.
The carbonate aquifer is a source of public supply for the ten
villages (total population 12,700) shown in figure 2.

Estimates of daily mean ground-water withdrawals for several
categories of use in the 1985 calendar year are summarized by
county in table 1. Ground water accounts for about 1 percent of
the combined surface-water and ground-water use in Lucas County.
Nearly one third of the combined surface water and ground water
use in Sandusky and Wood Counties is ground water from the
carbonate aquifer.

METHODS OF STUDY

Data-Collection Networks

The data-collection networks (pl. 1) consist of wells and
springs in the carbonate aquifer throughout the study area and
wells in the surficial sand aquifer in Lucas County. All network
wells are used as water-level measurement sites. Selected wells
and springs are also water-quality measurement sites.

Site-Identification System

All wells and springs inventoried by the USGS are identi-
fied on the basis of the latitude and longitude of the site in
degrees (D), minutes (M), and seconds (S). The 15-digit site-
identification number consists of a six~digit latitude (DDMMSS),
a seven-digit longitude (DDDMMSS), and a two-digit suffix or
sequence number used to differentiate sites at the same coordi-
nates. Thus, a site numbered 414109083265300 is at 41°41'09"
north latitude and 83°26'53" west longitude.
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Table 1.--Ground-water withdrawals by category of use in
Lucas, Sandusky, and Wood Counties, Ohio

[Values are in million gallons per day. Data are compilations
for 1985 calendar year on file with U.S. Geological Survey,
Water Resources Division, Columbus, Ohio, except where noted.]

County
Category
of use Lucas Sandusky Wood

Agricultural

(nonirrigation)--- 0.070 0.31 0.19
Agricultural

(irrigation)------ .84 .21 .020
Domestic (rural

private wells)---- .90 2,0 3.4
Golf-course

irrigationa ——————— .94 .65 .46
Industrial---------- .28 .47 .21
Public supply------- .37 .65 .69

total populationb

served--—————————- (2,900) (6,500) (7,600)
Quarry dewateringc—— 2.0 3.0 3.0
@ Dpata from Black, 1983; for days during irrigation season.
b

Total population includes (1) villages, and (2) non-
community supplies such as mobile parks.

¢ Estimates from data submitted to the Ohio Environmental

Protection Agency for compliance with National Pollution
Discharge Elimination System permits.



A separate site-identification system, hereafter referred to
as the local site identifier, is designed so the county, township
and section, or city where the site is located can be determined
from the identifier. The local site identifier consists of
(1) a county prefix (Wood County, WO; Lucas County, LU; and
Sandusky County, S), (2) a sequence number assigned in the order
that the site was included in the network, and (3) a suffix that
identifies the township and section or the city in which the site
is located. A complete listing of the township and city abbrev-
iations used in local site-identifier suffixes is given in
table 2. Local site identifiers that lack the suffix generally
represent sites numbered before this investigation.

Local site identifiers for Lucas County beginning with a
sequence number of 301 (for example, LU-301-SW17) correspond to
wells completed in the surficial sand aquifer. Wells in Lucas
County with 300-series sequence numbers are not, therefore, open
to the carbonate aquifer.

Water-Level Sites

Well logs on file with county health departments and with
the Ohio Department of Natural Resources (ODNR), Division of
Water, were compiled and evaluated. Availability of details
regarding well construction and completion was initially a
requirement for including a well in the network; however,
detailed drilling information was not available for some areas,
and wells were inventoried on the basis of owner-reported infor-
mation and data gathered during site visits. Owner permission
and general access to the well site were practical limitations
on the inclusion of wells for study.

Records of wells and springs are listed in tables 3 and 4
(Supplemental Data section). Well records include details on
construction, use, and historic water levels. The number of
wells selected in each county (Lucas, 110; Sandusky, 144; and
Wood, 190) was based on the need for adequate areal coverage to
map the potentiometric surface and to determine other features of
hydrogeologic importance. Springs were included in the network
to assess ground-water discharge to quarries and streams. The
altitude of the water surface in quarry sumps provided an approx-
imation of the potentiometric surface elevation in areas of dis-
charge to gquarries.

Water levels in wells, in feet below land surface, were
determined by use of chalked-steel tape, air line, or water-stage
recorder. General descriptions of these measurement techniques
are given by Heath (1983, p. 72-73). Garber and Koopman (1968)
provide additional details on the air-line technique. The
accuracy of the chalked-steel tape and recorder measurements is
0.01 ft. Air-line measurements are recorded to the nearest foot.

10



Table 2.--Abbreviations of cities and townships for suffix of

local site identifier for Lucas, Sandusky, and Wood Counties

Lucas County Sandusky County Wood County
City or Abbrevi- City or Abbrevi- City or Abbrevi-
township ation township ation township ation
Jerusalem J Ballville B Bloom B
City of Maumee MA Green Creek GC Center C
Monclova M Jackson J Freedonm F
City of Oregon 0 Madison M Grand Rapids GR
Providence P Rice R Henry H
Richfield R Riley RL Jackson J
Spencer SP Sandusky S Liberty LI
Springfield SF Scott sC Lake LK
Swanton SW Townsend T Middleton MD
Sylvania Sy Washington W Milton ML
City of Toledo T Woodville WO Montgomery MO
Washington WA York Y City of
Waterville W Northwood N
Perry PE
Perrysburg PB
Plain PL
Portage PO
City of
Rossford R
Troy T
Washington WA
Webster WB
Weston WS

11



Water-level altitudes were computed by subtracting the water
level, in feet below land surface, from the land-surface eleva-
tion at the well site. The land-surface elevation at each well
site was determined either from USGS 7.5-minute topographic
quadrangle maps with 5-ft contour intervals or by leveling from
USGS or U.S. Coast and Geodetic Survey benchmarks.

Most of the measured water levels represent nonpumping
conditions. Water levels were measured in some wells that were
being pumped during the mapping period and are denoted by "P" on
maps and in tables.

Flowing wells with sufficient casing at land surface to
contain the water were measured with a chalked-steel tape. Water
levels for overflowing wells are denoted by "F" on maps and in
tables.

Water levels were measured by USGS when each well was initi-
ally inventoried. Synoptic measurements of water levels in all
network wells were made during the periods June 30 through
July 11, 1986, and January 26 through February 11, 1987. Water
levels also were measured when water—-quality samples were
collected during May through October 1987.

Water levels in the surficial sand aquifer were periodically
measured only at the 10 sand-point wells installed for this
study. A continuous recorder was operated on one well to assess
the response of water levels in the surficial sand aquifer to
recharge and evapotranspiration.

All data describing well and spring characteristics and
ground-water levels are stored in the USGS's Ground Water Site
Inventory (GWSI) computer data base. Data from routine mea-
surements of ground-water levels are described in reports by
Shindel and others (1986, p. 240-264; 1987, p. 178-340; and
1988, p. 171-194).

Water-Quality Sites

The network of sites for collection of samples of water from
the carbonate aquifer was designed to meet four objectives:

1. Adequate areal coverage given a limit of about
50 sites per county. This requirement is based
on the need for representative baseline data
for the region as well as each township in each
county. Five analyses from two earlier studies
by the USGS were reviewed and included for sta-
tistical analysis of water quality. Other data
from state and local agencies were used as needed
to map water-quality variations for selected areas.

12



2. Adequate representation of each geologic unit and
selected aquifer types. Each geologic unit
(table 5) of the carbonate aquifer was represented
by wells and springs producing water primarily from
that unit. Obtaining the numbers of samples required
for a valid statistical comparison was not possible
for Devonian carbonate rocks or the Upper Silurian
Salina Formation because of their small areal extent.
Representative samples of waters were collected from
these units, however, for baseline information. A
comparison was possible between waters from the
Lockport Dolomite (57 samples) and Bass Islands Group
(80 samples). These data were used to determine whe-
ther waters representing the Lockport Dolomite and
Bass Islands Group have the same major-ion constituent
concentrations. In addition, three types of aquifer
conditions (unconfined, confined, and multiple con-
fined) were identified for the Lockport Dolomite
and used to determine whether the three types con-
tain ground waters having the same water-quality
characteristics.

3. Adequate range of depths to bedrock within a single
geologic unit and the carbonate aquifer as a whole.
Five ranges of drift thickness are 0-20 ft,

21-40 ft, 41-60 ft, 61-80 ft, and greater than

80 ft (table 5). This subdivision is designed to
help determine whether concentrations of nutrients
and other selected constituents in ground water are
influenced by the thickness of drift overlying the
carbonate aquifer,

4. Adequate number of sites inside and outside of oil-
and gasfields. This mixture of locations (table 5)
could be used to determine whether ground waters in
areas of historic oil and gas land use contain the
same concentrations of selected indicator constit-
uents as areas not developed for o0il and gas.

These four objectives are discussed in detail in the section on
Factors Affecting Water Quality.

Well-construction and access criteria also were considered
in the selection of a well for water-quality sampling. The
details of well construction, such as casing length, depth of
hole, principal geologic unit yielding water to the well, type of
completion, pump and plumbing configurations, and the date of
drilling were determined for all wells. Wells for which data
were inadequate were not considered for sampling. The access for
obtaining a raw, untreated sample from the domestic, commercial,
and irrigation wells also was a practical consideration in
network design.

13



18 9 6S 6L 82 LZ vZ 8Y L zZ 8z 68 vS 8y vv | Lt SEL vt siejoy

6L € &€ 8 v 9 0L ez L vl Li ¥4 Lz LZ 8 z SS LS 93jLwo|0Q 340dx%207

L 0 o 0o o L 0o 0 0 0 1 0 0 L o0 0 L L .dnouy euyeg,

st Z vl 9 0oL 8 Z s§ L € v €Z 9L 0 &t ) 82 L€ ®3jiwo|0Q P|dLusauy

b4 o 9 o o0 2 v 2z 0 0 L L 9 0 2 L L 8 @3 Lwo(0Q @a3ydowAh)
(02 Avsnpues)

0z o L v 9 € L L € € v Lt 0 1Zo € 81 Lz PajeLjualaiiLpun
8jtwo|oq

9L 1 £ L v 9 S v 1 L L L1 oL 0 Ot L 61 0z JanLy uisiey

dnody spue|sS] Sseg

wa3sAs uetuniis

v o] Q o] b4 Q L L 1 o] L 4 L 0 € L € [ dnoun JaApy }Loayag
S»®J0u4
S 0 o] 0 Z z L 0 o] L o] 4 0 0 S 0 S S a3jeuoqJed uetuoaag

wa3}sAs ueiuoaaq

AN 49 40 Ssa va € 24 14 N N W 2 OM S N1 sbuiddg s||am S93itLs
40
asn pue| 9bue. SSBUYILYI-3 4140 pauL juodun  PBUL JUO) uoL3jed0| adAy Jaqunu jLun 2160089
seb6 pue |[LO 40 A3uno) ERPUEN le3o]
JLJ03}SLH ¥204paqg 031 yidag adA1 JajLnby

AJ10691E2 PIIEBOLPUL ULYILM SBILS 40 J9qQuNnu |B30)

[*A3L|enb u@31EM 340 SLsAjeue
l|BOL}SLIBIS UL PISN 30U Sem YdItym ‘( 9ETIY-LEZ-S P31LS (|8m) ,dnouy eul(BSG, BY} APN|dUL 30U OP S|e3}0} JOy
S48quWnNN 314 08 ueyy u931ed46 ‘GQ ‘314 08 O3 19 ‘vA 34 09 O3 v ‘€A ¥4+ Ov O} LZ ‘ZA *34 0Z O3 0 ‘L@ :sapod

abued SSIaUXILYI-14LaQ ‘pPoOOM ‘OM fAxsnpues ‘g fsean ‘) :§8p0> uotied0| A3uno) ‘pauljuodun a|diynw ‘N
fpaul 4u0d 3(dLy|nw ‘P 8 (BuLls pPauLiu0d ') tabBuLs paul juodun ‘n :sapod adAy-uasinby (L6l ‘3{1MULMyoA pue
89550.4g9Q) P|9L4sebH L0 pPlati|Lto PaIRUGLSIP B 40 jued 10u edde ‘4N p(aLiseb Aep-juadsaud (J40) pue JLJ03ISLYy ‘49
tPLdLLLO (PL61) Aep-3judsaid (J40) pue 2L403Sty ‘40 tasn pue| AjLAL3}Oe seb pue (L0 D1J03}StYy JO3} SUOLIBLADIQQAY]

Jajitnbe ajeuoqied 8y} 40 SsItun DLB0086 ULyl LM S83ILS Bul |dues A} |enb-uadjem JO0 uoLieDLLSSEl) --"G B|qe]

14



Wells are commonly finished as open holes in the rock.
Waters are likely to flow into the well from openings in the rock
at several different depths. The deeper the well, the greater is
the probability that waters from several depths will enter and
mix within the well bore. A water mixture that represents the
differing water contributions to the well bore could result. No
attempt is made to case to a selected zone in the carbonate aqui-
fer, but some wells are cased through a zone of broken rock com-
monly found at the interface between the drift and the carbonate
rock. The casing is set into the solid rock to provide a
hydraulic and sanitary seal between the aquifer and overlying
deposits.

Pumps used to deliver water to the land surface are of
several types. Wells for rural domestic supply are usually
fitted with submersible pumps. Vertical turbine pumps are more
common on large-capacity commercial and irrigation wells. 1In
some areas of Sandusky County, flowing artesian wells may or may
not have a pump, depending on the artesian pressure, water-level
fluctuations, and use of the water.

Well construction and pump characteristics for the sites
selected for collection of water—-quality samples from the
carbonate aquifer are summarized in table 6. This summary
indicates that, at many of the sites in the network, wells have
steel casing, are fitted with submersible pumps, and are used for
domestic water supplies.

For the surficial sand aquifer, wells representing:
(1) undeveloped areas (wells LU-301, 302, 303, 304, and 307),
and (2) developed areas, where septic tanks are present
(wells LU-305, 306, 308, 309, and 310) were sampled for water
quality to determine whether shallow ground water from the two
land-use types have similar concentrations of water—-quality
constituents. Ten sand-point wells were constructed by the
USGS for sampling and testing of water quality. Five wells were
installed in each of the two types of land-use areas.

Locations of surficial sand aquifer wells were primarily in
the Sylvania and Swanton Township areas of western Lucas County.
Wells in undeveloped areas included four sites in the Oak
Openings Metropolitan Park in Swanton Township and one site at a
Boy Scout reservation in Sylvania. Wells in developed areas with
septic tanks included three sites within Sylvania and two sites
near Holland (pl. 1).

Wells in the surficial sand aquifer are sand-points
installed with a motorized driver. All wells consist of
1.25-in. inside-diameter galvanized steel casing attached by a
threaded coupling to a well point 1.5 ft long with 0.007-in.
continuous wire slotted well screen. The well points and sec-
tions of casing, including couplings, were cleaned of o0il and
grease with a detergent wash, then were rinsed with distilled
water, hexane, and alcohol to allow rapid drying.
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Table 6.--

[Well use

Characteristics of wells and pumps at sites in the

water—-quality network, carbonate aguifer

codes:

C, commercial/industrial; H, domestic; I,

irrigation; OT, observation/test; P, public supply. Casing
material codes: S, steel; P, polyvinyl chloride. Pump type
codes: S, submersible; VT, vertical turbine; F, flowing;
J, jet. Total number of wells summarized is 135.]
Well Casing Pump
use material type
C H I OT S P S VT F
Number
of
wells 14 98 8 8 132 3 114 9 3
Percent-
age of
total 10 73 6 6 98 2 84 7 2
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For consistency in construction, the top of the screen
section was driven to a depth of about 5 ft below the water
table. The total depth of each well is given in table 3
(Supplemental Data section). The screened interval is the sec-
tion beginning 1.5 ft above the total depth and ending at the
total depth of the well. The wells were developed by use of a
surge block and rotary pump. A concrete collar was installed at
land surface to prevent infiltration of surface water around the
casing. Four-in., inside-diameter protective, lockable steel
casings were installed over the well casings.

The wells yield about 2 to 3 gal/min of water represent-
ing the depth interval of the aquifer in which the well is
screened. Wells were purged before sampling by use of a
rotary pump. Samples were collected from the wells by a
portable peristaltic pump.

Field Methods for Water Quality

Samples were collected, prepared, and preserved according to
techniques described by Claassen (1982), Wood (1976), and Federal
Interagency Work Groups (1977). Ground water in the surficial
sand aquifer was sampled during the first two weeks of June 1987.
Ground-water samples from the carbonate aquifer were collected
during September 1986 and June through October 1987. Details of
field methods specific to this study are given here. Techniques
used to prepare and preserve samples for the constituents
analyzed for in this study are summarized in table 7.

Before sampling, a minimum of three casing volumes was
removed from each well. Onsite determination of the static
level of water, the casing diameter, and the depth of each
well were used to calculate the volume of water in the well bore.
A plastic hose was connected to the pump discharge line nearest
the well. All devices for domestic and industrial water treat-
ment were bypassed, and, if possible, samples were collected
ahead of the pressure tank.

Specific conductance, pH, temperature, and dissolved-oxygen
concentration were continuously monitored in an air-tight chamber
attached to the discharge hose. Samples were collected after
these characteristics had stabilized. The same procedures were
used for the carbonate aquifer and the surficial sand aquifer
except that a probe was inserted directly into the sand-aquifer
wells to measure dissolved-oxygen concentration and temperature.

Samples from springs were collected after monitoring the
stability of water—-quality characteristics directly in the free-
flowing discharge of the spring. Analyses were done for dis-
solved oxygen; however, those concentrations in waters from
springs may not be representative of conditions in the carbonate
aquifer because of the interaction between the waters and the
atmosphere before sample collection.
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Several constituents were analyzed at the time of sample
collection. Alkalinity was determined onsite by incremental
titration of an unfiltered whole water sample. Samples were
processed in the field for analysis of total coliform, fecal
coliform, and fecal streptococci bacteria. The membrane-filter
method with immediate incubation was used for all bacteria
analyses. Total coliform colonies were grown on M-endo broth
medium, fecal coliform colonies on M-FC medium, and fecal
streptococci colonies on KF Streptococcus agar (Greeson and
others, 1977, p. 29-33 and 53-62).

Quality Assurance and Quality Control

Quality assurance and quality control (QA/QC) pro-
cedures were used to ensure that analyses of concentrations of
constituents in ground water were within acceptable error limits.
The QA/QC procedures included the following:

1. Standard reference water samples submitted to the
laboratory;

2, Cation-to-anion balances for major-inorganic-ion
concentrations in all waters;

3. A two-laboratory, split-sample program for gross
alpha-particle radiocactivity;

4. Field and laboratory blank samples for dissolved
organic carbon; and

5. Duplicate analyses and blank samples for bacter-
iologic determination.

The QA/QC procedures demonstrate that the analytical results are
within acceptable error limits. The characteristics and results
of the QA/QC procedures are summarized in Appendix (at back of
report).

Statistical Analysis

Summary statistics for the water-quality data describe
the general distribution of the data and indicate whether the
concentrations of water—quality constituents are normally
distributed. The distribution is tabulated by percentiles,
which represent the percentage of samples that have concen-
trations less than or equal to the concentration associated
with the percentile,.

Constituents or properties that had some number of concen-
trations less than the detection limit are termed censored data.
Summary statistics for censored sets of data were computed by use
of the method developed by Helsel and Gilliom (1986).
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Summary statistics for uncensored data sets were computed by
use of a univariate statistics procedure (SAS Institute, 1979,
p. 427). Box plots and dot plots of the frequency distributions
of uncensored data were prepared by use of Minitab statistical
software (Ryan and others, 1985).

GEOLOGIC SETTING

Structural Features

The Findlay arch, an anticlinal structure, trends north-
northeastward through the approximate center study area, and
controls the spatial distribution of the bedrock deposits.

There is disagreement in the literature on the location of the
axial trace. The Ohio Department of Natural Resources (ODNR)
(1970, pl. 3) mapped the axis as shown in figure 3; however,
Janssens (1977, pl. 1) shows a more northerly trending axis about
20 mi to the west. The older carbonate rocks (Lockport Dolomite)
are located along the axis of the arch, and younger rocks overlie
the Lockport to the east and west. On the eastern flank of the
arch in central and eastern Sandusky County, the rocks dip about
35 ft/mi (<.5 degrees) to the southeast. On the western flank of
the arch in Wood and Lucas Counties, they dip more steeply to the
west—-northwest.

The Bowling Green fault zone (Van Wagner, 1988) and Lucas
County monocline (Norris, 1975) are structural features on the
western flank of the arch. The normal fault, with younger down-
thrown rocks on the western side, has a reported displacement of
200 ft in central Wood County (Ohio Department of Natural
Resources, 1970, p. 9). The monocline, with a west-dipping limb,
exists north of the trend of the fault zone in Lucas County.

Bedrock Stratigraphy

Stratigraphic nomenclature of both the U.S. Geological
Survey and the Ohio Department of Natural Resources, Division of
Geological Survey (Janssens, 1970b, 1977) is used for Silurian
and Devonian strata discussed in this report. The stratigraphy
of the principal near-surface rocks (table 8) is discussed first
for the western flank, and then for the eastern flank. The
sequence of rock formations in Silurian and Devonian strata of
northwestern Ohio has been described by Carman (1946, 1948),
Forsyth (1968), Janssens (1970a, 1970b, 1977), ODNR (1970), and
Sparling (1988). These investigators have shown that the strat-
igraphy and areal extent of the carbonate rock formations are
not yet defined in detail. Facies changes and gradational
lithologic boundaries preclude exact placement of formation
contacts on geologic maps and geologic sections. Facies changes
complicate the process of differentiating formations in the
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subsurface. Thus, formations that overlie the Lockport Dolomite
may not exist or may not be correlative on both the eastern and
western flanks of the Findlay arch.

Western Flank of the Findlay Arch

Middle Silurian through Upper Devonian strata are the
principal near-surface rocks on the western flank of the arch
in Lucas and Wood Counties. The Middle Silurian Rochester Shale
is a green-colored unit about 15 ft thick that does not subcrop
beneath glacial deposits and alluvium or crop out anywhere in
the study area. Greenish-gray dolomite is interbedded with
the shale.

The Lockport Dolomite is gray to white, fine to coarse
crystalline dolomite that is about 125 to 475 ft thick. The
Lockport is massively bedded; lithology ranges from fossiliferous
and porous to biostromal or biohermal. Outcrops or subcrops
beneath glacial deposits exist only near the axial trace of the
arch in western Sandusky County and eastern Wood County.

The Bass Islands Group of Late Silurian age overlies the
Lockport Dolomite. On the western flank, the Bass Islands Group
is divided into the Greenfield, Tymochtee, and Raisin River
Dolomites. The Greenfield is brown, mostly microcrystalline,
medium bedded dolomite that is about 50 ft thick. Biohermal and
biostromal facies of the Greenfield with minor black-shale inter-
beds underlie northernmost Wood County and parts of Lucas County
(Janssens, 1977, p. 35). The Greenfield contains inclusions of
small anhydrite crystals. The Tymochtee is grayish-brown, micro-
crystalline dolomite that is thinly bedded, argillaceous, and
contains black shaly partings. The Tymochtee has traces of
anhydrite, and layered gypsum nodules are present near the base
of the unit. The Raisin River Dolomite (Ohio Department of
Natural Resources, 1970, p. 12) is gray to brown microcrystalline
dolomite that is medium- to thick-bedded, with a reported thick-
ness of about 250 ft. Janssens (1977, p. 26) uses "undifferenti-
ated Salina dolomite" to describe these rocks. Two shale
marker beds and anhydritic beds are recognized by Janssens.

A thin green shale is present at the top of the Raisin River
Dolomite. This dolomite is the uppermost Silurian unit and is
overlain unconformably by Middle Devonian strata of the Detroit
River Group.

The Detroit River Group only is present in westernmost
Lucas and Wood Counties (Janssens, 1970b, p. 11-12) and includes
at the base the Sylvania Sandstone--a white, friable unit less
than 50 ft thick, and undifferentiated, gray and brown micro-
crystalline dolomites that thicken westward from zero to greater
than 140 ft in the Lucas County monocline. The dolomite con-
tains nodular anhydrite and gypsum.
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The Dundee Limestone unconformably overlies the Detroit
River Group. The lower Dundee consists of less than 40 ft of
grayish-brown, fine to medium crystalline, sandy limestone, with
white and tan chert. The upper part of the Dundee is yellow-gray
to brown, medium- to coarse-grained fossiliferous limestone less
than 20 ft thick.

The Traverse Group, restricted to northwestern Lucas County,
includes the Silica Formation and the Tenmile Creek Dolomite.
The Silica Formation is a grayish-brown to green, fossiliferous
and shaly limestone interbedded with calcareous shale less than
55 ft thick. The Tenmile Creek Dolomite is a buff-colored shaly
unit less than 35 ft thick that contains nodular white chert.

The Upper Devonian Ohio Shale unconformably overlies the
Traverse Group. The Ohio Shale is the youngest consolidated rock
and is present only in northwestern Lucas County (figure 3). The
unit consists of about 100 ft of black and dark-brown shale, the
basal 30 ft of which is interbedded with dark-brown dolomite.

Eastern Flank of the Findlay Arch

Middle Silurian through Middle Devonian strata are the prin-
cipal near-surface rocks on the eastern flank of the arch in
Sandusky County. The Rochester Shale and the Lockport Dolomite
are present on the eastern flank, where the Lockport has a min-
imum thickness of about 200 ft, and the contact between the
Lockport and overlying rocks is considered anomalous compared to
other parts of northwestern Ohio.

Stratigraphic nomenclature defined by ODNR (1970) for the
rocks overlying the Lockport Dolomite on the eastern flank of the
arch was completely revised by Janssens (1977). The latter work
advances the concept of a "Salina Group," comprised by five
units (A, B, C, E, and F), overlain by a "Bass Islands Dolomite"
(table 8). The earlier work assigned rocks above the Lockport to
the Bass Islands Group. The nomenclature is conflicting. For
the purposes of this report, it is sufficient to describe the
lithologies and thicknesses of units in Janssens' "Salina Group"
and overlying rocks of Devonian age in eastern Sandusky County;
however, for continuity in nomenclature within this report, the
Silurian rocks overlying the Lockport Dolomite will be grouped
together and subsequently referred to as the Bass Islands Group.

The rocks overlying the Lockport Dolomite are evaporite-
bearing. The A unit is about 160 ft thick and consists mostly of
dolomite of the Lockport-like lithology; however, a 25-ft-thick
basal bed of anhydrite is recognized locally, and another anhy-
drite bed about 10 ft thick is present near the middle of the
A unit. The B unit consists of about 100 ft of interbedded
anhydrite, dark-brown dolomite, and dark-gray shaly dolomite.

The C unit consists of 75 ft of greenish-gray, argillaceous
dolomite that contains anhydrite and grades into shale.
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About 10 ft of bedded anhydrite is in the middle of the unit.

The E unit is anhydrite-bearing, argillaceous, microcrystalline
dolomite about 85 ft thick. The upper 10 to 20 ft of the unit is
very argillaceous and is considered a marker bed. The F unit, in
easternmost Sandusky County, is characterized by interbedded
anhydrite, anhydritic brown dolomite, and argillaceous and shaly
dark gray dolomite. Anhydrite has been altered to gypsum, and
evidence of gypsum removal by leaching increases toward the west.
The thickness of the F unit in Sandusky County is uncertain but
is probably less than 30 ft on the basis of data for neighboring
Seneca County.

North of Sandusky County the undifferentiated Bass Islands
Dolomite is about 55 ft thick but is probably thinner locally
because of erosion of its upper surface prior to deposition of
Middle Devonian Detroit River Group rocks. The dolomite contains
inclusions of small anhydrite crystals similar to those noted in
the Greenfield Dolomite.

Detroit River Group rocks in Sandusky County are undivided
dolomites about 100 ft thick that are thick- to massive-bedded in
the lower part and thin- to thick-bedded in the upper part
(Sparling, 1988, p. 4). The dolomites grade into the Columbus
Limestone.

The Columbus Limestone is a gray or brownish-gray fossil-
iferous, thinly bedded unit about 60 ft thick; cherty zones are
recognized (Hatfield, 1988, p. 18-20). This unit is the young-
est consolidated rock in the eastern flank of the arch in the
study area.

Unconsolidated Deposits

The thickness and texture of the unconsolidated deposits,
hereafter termed drift, overlying the bedrock is widely variable
across the three-county area. The thickness ranges from more
than 120 ft in preglacial bedrock valleys to 10 ft or less in
many parts of eastern Wood County, western Sandusky County, and
other parts of the study area. Maps showing the thickness of
drift have been published for Lucas County (Leow, 1985), Sandusky
County (Larsen, 1984), and Wood County (Peterson, 1985).

The texture of the deposits is variable areally and with
depth below land surface. The deposits commonly are stratified.
The drift is mostly clay-rich lacustrine or till deposits of
Quaternary age. The contact between bedrock and drift material
is commonly described as a broken-rock zone or a detrital zone.
The detrital zone can include sand and gravel deposits. The
sands and gravels are typically found in bedrock valleys formed
by preglacial drainage (Forsyth, 1968, p. 77). Surficial sand
deposits also are present. The types of sand deposits found in
Lucas and Wood County are described by Forsyth (1968, p. 66), and
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the extent of sand deposits in Sandusky County is described by
Angle (1987). The thickest and most areally extensive sand
deposits are the surficial sands in Lucas County. This belt of
sand, with thicknesses generally less than 50 ft, is west of the
Maumee River (fig. 4) and is known informally as the Oak Openings
sands.

GEOHYDROLOGY

Unconsolidated Deposits

The geohydrology of the surficial sand deposits has been
studied only in local areas (Trexler and Ruedisili, 1976;
Hallfrisch, 1987). Sand deposits in Lucas County (fig. 4) yield
enough water to be used for rural domestic water supplies. These
deposits of sand, hereafter termed surficial sand aquifer, repre-
sent the only regionally extensive aquifer other than the under-
lying carbonate aquifer, in the three-county study area.

As shown in geologic section A-A' (fig. 5; line of section
appears on pl. 1), the sand overlies till and forms a belt of
hummocky and undulating topography. The surficial sand aquifer
is recharged by precipitation; there are no natural impermeable
barriers between the land surface and the water table. Water
levels are generally between 2 and 8 ft below land surface, and
figure 6 shows the magnitude and seasonal characteristics of
water-table fluctuations at well LU-303-SW20, located in a wooded
area of the Oak Openings Preserve Metropolitan Park in Swanton
Township. (See pl. 1 for well location.) During the period
October 1986 through April 1987, the water table rose rapidly and
declined gradually as the water moved to discharge points at
local streams. 1In May 1987, evapotranspiration increased, and
the water table began a seasonal decline. The decline was inter-
rupted by occasional rainstorms through July. In August and
September, precipitation had only small effects on the seasonal
decline until the end of the growing season. Precipitation
during the fall recharged the aquifer, causing water levels
to rise to levels of the previous winter and spring. At
well LU-303-SW20, the fluctuation of the water table during the
1987 water year was a total of about 3.5 ft. Fluctuations in
other areas are likely to be similar.

Measurements of tritium concentration in ground water can
indicate the age of water in an aquifer: pre-1952 water is old,
and water with a post-1952 component is young. The absence of
tritium in ground water indicates that the water is precipitation
that occurred before 1952, when atomic-bomb tests increased
tritium levels in the atmosphere. 0ld water is sometimes
termed dead because of the absence of radioactive tritium
(Michel, 1989).
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Figure 6.--Water levels in the surficial sand aquifer at well LU-303-SwW20
and daily precipitation at Toledo Express Airport, 1987 water year.
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The presence of tritium indicates the presence of post-1952
water; however, exact water age cannot be determined because of
complications arising from the mixing of waters and radioactive
decay. The results for selected samples of ground water from the
sand aquifer are listed in table 9 (Supplemental Data section).
The tritium concentrations range from 62 to 92 pCi/L (picocuries
per liter) or 19 to 29 tritium units. These results indicate
that the sand aquifer contains post-1952 water from precipita-
tion. 1In fact, the rapid response of water levels in the sand
aquifer to precipitation indicates that the water in the aquifer
is very recent.

The sand is separated from the bedrock by about 50 ft or
less of drift. The clay-rich drift, chiefly till, inhibits the
vertical movement of water downward from the surficial sand
aquifer. Thus, the top of the drift or till is considered the
bottom of the sand aquifer.

Although the surficial sand aquifer is only in parts of
Lucas County, the drift deposits are found throughout most of the
study area. The drift seldom yields enough water to be consid-
ered an aquifer; however, the deposits are often saturated, and a
seasonal water table is present (Kunkle, 1971). The drift is
thinnest in the central part of the study area (western Sandusky
County) and thickest in buried valleys incised in the carbonate
bedrock. The two largest buried valleys, containing drift at
least 100 ft in thickness (fig. 7), are (1) near the Maumee
River, and (2) in east-central Sandusky County.

Sand and gravel deposits above the bedrock contact have been
reported, but little information about the water-yielding capac-
ity of these deposits is available. The sand and gravel deposits
are developed as a water supply only in buried valleys in Lucas
and Sandusky Counties (Hallfrisch, 1986a and Schmidt, 1980). A
detrital zone or broken-rock zone is sometimes just above the
bedrock. The broken-rock zone is generally saturated with
ground water and commonly is a good source of water for domestic
supplies (Forsyth, 1968, p. 85).

Bedrock

The hydrology of the bedrock aquifer was evaluated by use of
the following:

1. Reviews of previous investigations;

2. Well-log inventories;

3. Mapping of the potentiometric surface; and
4. Analyses of ground-water geochemistry.

This information is used in combination with information on the
geologic setting to define and describe the geohydrology, sources
of recharge to the aquifer, directions of ground-water flow indi-
cated by the potentiometric surface, and aquifer discharge.
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The Upper Devonian Ohio Shale is the youngest bedrock in the
study area, and its presence is restricted to the northwestern
corner of Lucas County (fig. 3 and table 8). The shale is a poor
aquifer; yields of 3 to 10 gal/min to wells are characteristic
(Hallfrisch, 1986a). 1In some places, the aquifer does not yield
usable quantities of water.

Carbonate rocks of Middle Devonian through Middle Silurian
age are generally good to excellent aquifers; well yields of
25 to 500 gal/min or more are characteristic (Schmidt, 1980;
Hallfrisch, 1986a; Hallfrisch, 1986b). These dolomites and
limestones, when considered together, are termed the carbonate
aquifer. The carbonate aquifer is conceptualized for study as
a regionally interconnected network of fractures, joints, and
bedding planes in the rock. Rock-weathering processes before
and after glaciation have contributed to the formation of these
secondary openings in the rocks. Before glaciation, the aquifer
is believed similar to that conceptualized by White (1969, p. 16)
and illustrated schematically in figure 8A. Periodically, the
rocks were structurally perturbed along the Findlay arch, joint-
ing and fracturing the rock and leaving it open to surface
recharge waters (Norris and Fidler, 197la); percolating recharg-
ing waters dissolved the carbonate and dissolved and altered the
minerals above bedding-plane separations, fractures, and joints
to produce void spaces. Glacial processes contributed to addi-
tional chemical and physical weathering of the rocks, and,
because of glaciation, the fractured and jointed rocks in the
aquifer are covered with drift (fig. 8B). The rocks that com-
prise the aquifer are exposed at the land surface only in areas
where the drift is thin or absent (shallow bedrock areas) and
in quarries.

Fractures are regional and local features. Fracture
lineaments that could be traced across counties were identified
from satellite imagery of a large area of northwestern Ohio
(Van Wagner, 1988). Fracture traces, or the expressions at
land surface of subsurface fractures (Lattman and Parizek, 1964),
have been mapped in Ottawa County by use of aerial photographs
(Kessler, 1986, p. 31). Most fractures in Ottawa County appear
in map-plan view to be less than 1 mi long and widely variable
in distribution within individual townships. Some traces are
areally extensive and are nearly 3 mi long. The longest and most
areally extensive fracture traces trend northeast. Bearings of
N.50°- 70°E. are identified as the dominant trend for all frac-
ture traces mapped in Ottawa County. Similar trends are mapped
for small-scale fractures and joint sets in a quarry within the
study area (Kihn, 1988, p. 79). Fracture-trace analysis, which
is often used in locating potential high-yield areas for the
drilling of production water wells (Sharpe and Parizek, 1979),
has been used successfully to site wells at Cygnet, Pemberville,
and Gibsonburg (Eagon, 1980, 1983a, and 1984).
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Ground water enters drilled wells through horizontal bedding
planes, joints, and sub-vertical fractures that are described as
water-producing zones (Ohio Department of Natural Resources,
1970). Water-producing zones can be separated from one another
by relatively impermeable unproductive rocks. Ground water
within these zones commonly is under artesian pressure where the
potentiometric surface is above the top of the water-producing
zone (and usually above the top of the aquifer or base of the
drift), as illustrated in fig. 8B. The drift that overlies the
carbonate aquifer is a confining layer for the aquifer over much
of the area. The drift is not impermeable, and leakage from the
drift to the carbonate aquifer does occur, as does upward
leakage. The carbonate aquifer can, therefore, be termed a leaky
artesian or semiconfined aquifer.

The existence of water-producing zones is supported by
observations of ground-water discharges along bedding planes and
fractures into local quarries. For example, ground-water dis-
charge from a bedding-plane joint in dolomite of the Detroit
River Group at the Silica quarry in northwestern Lucas County is
shown in figure 9. The discharge of ground water from this
single opening in the rock was estimated to be about 2 ft®/s or
1.3 Mgal/d. Thus, a single water-producing zone or vein
(drillers' term) such as that observed in the quarry, if tapped
by a drilled well, potentially could yield 200 to 400 gal/min and
would constitute an excellent source of water for an industrial
or commercial well., Drilling reports for wells attest to the
fact that water is from one zone or a small number of zones in
the uncased well bore of industrial or commercial wells (at
North Baltimore and Gibsonburg, for example).

The Ohio Department of Natural Resources (1970, p. 30)
showed that hydraulic characteristics of water-producing zones
depend on the stratigraphic or geologic units penetrated by a
drilled well. Attempts to generalize the presence of water-
producing zones in the various geologic units within the
framework of the carbonate aquifer are summarized by ODNR
(1970, p. 11, table 2), and shown in hydrogeologic section B-B',
figure 10. (Location of section line is shown on pl. 1.)

Figure 10 shows the variability in water-producing character-
istics and how the variability is related to the geologic units.

To obtain maximum yields for public supply or industrial
uses, wells are commonly completed to the bottom of the carbonate
aquifer to intersect as many water-producing zones as possible.
Wells WO-337-MD25, WO-350-F10, and S-179-M23 (fig. 10) represent
completions of this type. The wells bottom just above a vir-
tually impermeable basal shale. The Rochester Shale does not
yield usable quantities of water and underlies the carbonate
aquifer throughout the study area, although at considerable depth
on the flanks of the Findlay arch.
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Regional Geohydrologic Conditions

Semiconfined conditions are manifest in the carbonate
aquifer by the response of ground-water levels to changes in
atmospheric pressure. As atmospheric pressure decreases, water
levels rise in wells that tap a confined aquifer. A measure of
the response of an aquifer to changes in barometric pressure is
called the barometric efficiency (BE) of the aquifer (Walton,
1970, p. 208).

Water-level response to atmospheric-pressure change was
measured at selected wells where water levels are above the top
of the aquifer. The results for July 8, 1986 (fig. 11), indi-
cated that the degree of confinement of the aquifer varies with
well location. At well LU-1 in Toledo, the aquifer is charac-
terized by a BE of about 90 percent. Wells LU-110-T and WO-200-
MO24 have BE's of 40 and 50 percent, respectively. Water levels
in well S-3 fluctuate in response to nearby pumpage; thus, BE was
not computed. For a different time period, a BE of about
80 percent was computed for well WO-121-N at Northwood (de Roche
and Breen, 1989, p. 22).

In wells S-129-Y¥25 and S-170-W12, water levels are below the
top of the aquifer, and water level does not change in response
to changes in atmospheric pressure. Thus, unconfined or water-
table conditions prevail. Water levels below the top of the
aquifer are most prevalent in shallow bedrock areas.

Recharge areas

Recharge to the carbonate aquifer is by three primary
processes:

1. Leakage of water from precipitation through
the semi-confining layer of drift overlying
the carbonate rocks.

2. Infiltration of the carbonate rock by sur-
face water and precipitation in areas where
drift is thin or absent.

3. Induced infiltration of surface water through
riverbeds and streambeds as a result of ground-
water withdrawals.

Areas where the carbonate aquifer is receiving recharge were
delineated by interpretation of potentiometric-surface maps
(Breen, 1989 and pls. 2-6), geologic data, and geochemical data
for ground water, including specific conductance and tritium
concentration.
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Figure 11.--Effect of atmospheric pressure fluctuation on water levels in wells
LU-1, LU-110-T, and WO-200-MO24.
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The aquifer contains younger (more recently recharged) water
in some areas than in others. The relative age of water in an
aquifer is an important indication of recent recharge--thus the
susceptibility of an aquifer to contamination from sources at the
land surface. Detectable concentrations of recently manufactured
agricultural pesticides, for example, would not be expected in
pre-1952 waters. Evidence of chemical infiltration from surface
activities might be more likely, however, in areas where waters
are young.

To determine the relative ages of ground water, tritium
concentrations were analyzed in water from 59 sites to identify
which waters in the aquifer are old (pre-1952) or are younger
(have some post-1952 component). Data are tabulated with the
water-quality data in table 9. Dot plots of tritium concen-
trations in ground water are shown in figure 12. Two
concentration units are presented--tritium units (T.U.) and
picocuries per liter (pCi/L). The units can be converted as
follows: 1 T.U. equals 3.2 pCi/L. The distribution of data is
highly right-skewed, and values in the 15- to 22-pCi/L range are
distinctly absent. The tritium concentrations greater than
25 pCi/L (8 T.U.) indicate the presence of post-1952 (post-
atomic-bomb tests) waters. Tritium concentrations less than
10 pCi/L indicate that waters are older than 1952 and that, in
places, the aquifer is not open to recharge by, or mixing with,
recently recharged surface waters or precipitation. For sub-
sequent discussions, recent recharge is evident if the ground
water has a tritium concentration of 25 pCi/L or more. This
level of tritium indicates some component of the water produced
by the well or spring is post-1952.

To examine the importance of leakage or infiltration of
recent precipitation as a source of recharge to the carbonate
aquifer, an attempt was made to correlate tritium concentrations
in ground water with the thickness of the drift at each sampling
site (fig. 13). On the basis of this correlation, shallow bed-
rock areas are defined as areas where drift is less than 20 ft
thick. A vertical dashed line at 20 ft separates the data for
shallow bedrock areas from data collected in areas where the
drift is thicker. Data symbols serve to differentiate geologic
units and aquifer types (semiconfined and unconfined). Most
young (tritiated) waters are in shallow bedrock areas where the
aquifer is generally unconfined (open data symbols).

The tritium data, combined with potentiometric mapping
(Breen, 1989 and pl. 2-6), were used to produce the regional
map of areas where the aquifer is receiving recent recharge
(fig. 14). The shaded areas generally delineate where the
carbonate aquifer is recharged by direct infiltration of surface
water or precipitation into carbonate rock outcrops at land sur-
face or infiltration through relatively thin drift. Tritiated
waters (concentration >25 pCi/L) are in areas of thick drift only

40



NUMBER OF SAMPLES IN CONCENTRATION RANGE

: ' T

9

HEH

-

HIH

[ XX

oo o

?:::: TO: o: o?: 0:0. ] | o0 ° :OT ° | )

0 25 50 75 100 125
TRITIUM CONCENTRATION. IN PICOCURIES PER LITER

| I | I I I

H

S .

I

33

sl .

[ XXX X ° ° [ ° [

roooo oloo soe Toooo [ ] Ioo ° oool ] l.

(0] 16 24 32

TRITIUM CONCENTRATION, IN TRITIUM UNITS

EXPLANATION

e EACH DOT REPRESENTS ONE SAMPLE

Figure 12.--Dot plots of the distribution of tritium concentration in water from the carbonate aquifer.
(Note: Tritium concentrations reported as less than a detection limit are set equal to that
limit for the purpose of this illustration.)

41




TRITIUM CONCENTRATION, IN PICOCURIES PER LITER

140
130
120
110

100

g &

70

& 2

20
10

I I T I I

DRIFT THICKNESS LIMIT OF 20 FEET
// FOR SHALLOW BEDROCK AREAS

I
|
§
|
|
I
!
|
[

lo

.
O &# o * as-ne

I | I I | I I

10 20 30 40 50 60 70
DRIFT THICKNESS, IN FEET

EXPLANATION

GEOLOGIC UNIT-AQUIFER TYPE
Devonian rocks-confined

Bass Islands Group—-confined

Bass Islands Group-unconfined

Lockport Dolomite-confined

Lockport Dolomite-unconfined

Sandusky County Bass Islands Group~-confined
Sandusky County Bass Islands Group-unconfined
‘Salina Group' well S-231~RL36-confined

X O ¢ O e O B +

100

Figure 13.--Tritium concentration in water from the carbonate aquifer as a function of drift thickness.

42







north of the karst terrain of easternmost Sandusky County (at
wells S-141-Y¥21, S-147-G25, S-218-T15, and S-218A-T22) and

in westernmost Lucas County near the Lucas County monocline
(LU-113-M10, LU-116-M32, and LU-136-SW22). The geohydrology
of each of these areas is discussed in detail in the section
on Local Geohydrologic Conditions.

In other areas, leakage through thick drift is probably the
dominant process by which the aquifer is recharged. The leakage
is such a small fraction of the water produced by drilled wells
that the waters appear to be pre-1952 on the basis of tritium
concentration. Where recharge is otherwise considered to occur
only as leakage through thick drift, direct pathways of recharge,
such as abandoned and leaking well casings, may contribute to
tritium concentrations in ground waters locally.

Dissolved-oxygen concentration, pH, and temperature indicate
that the carbonate aquifer contains waters that are not in direct
contact with air, even in the recharge areas. Dissolved oxygen,
for example, is seldom detected; if present, it is usually at
concentrations less than 0.3 mg/L. This supports the concept
that much of the aquifer is confined by drift and that water flow
is slow enough in recharge areas to allow for chemical changes in
the water as it recharges the aquifer.

Discharge areas

Discharge of ground water from the carbonate aquifer is by
three primary processes:

1. Flow from springs and flowing wells;
2. Flow into rivers, streams, lakes, and quarries; and
3. Pumpage from wells and quarries.

Areas of discharge from the carbonate aquifer were delineated by
interpreting ground-water-flow directions and the positions of
ground-water divides as indicated by potentiometric-surface maps
(Breen, 1989 and pls. 2-6). A ground-water divide is similar to
a surface-drainage divide in that it is a boundary along a high
surface or ridge from which ground water moves away in both
directions normal to the ridge line; it differs in that the ridge
is in the potentiometric surface, not the land surface. Some
ground-water-flow directions in the carbonate aquifer are differ-
ent from those indicated by the gradients on potentiometric-
surface maps. Secondary porosity along bedding planes, fractures
and joints creates flow-direction anisotropy.

The ground-water discharge areas, divides, and indicated
flow directions are shown in figure 15. Subsurface flow from
recharge areas to the south and west enters the study area and
moves toward discharge areas along major rivers and at springs.
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Several types of discharge areas are apparent. The Maumee,
Portage, and Sandusky rivers are discharge areas for ground water
from the carbonate aquifer. Tributary streams can also be
receiving ground-water discharge, especially in the shallow bed-
rock areas of western Sandusky County and eastern Wood County.

In areas of thicker drift, ground-water discharge into tribu-
taries to Lake Erie is likely only where the stream channels are
in contact with bedrock. Discharge also is to an area of springs
and flowing wells along the southern shore of Sandusky Bay in
northeastern Sandusky County and to the buried valley in east-
central Sandusky County. The geohydrology of each of these areas
is discussed in detail in the section on Local Geohydrologic
Conditions.

Local Geohydrologic Conditions

In five mapped areas (fig. 16), geohydrologic conditions,
including aquifer transmissivity, seasonal water-level fluctua-
tions, recharge, and discharge, are described with reference to
local geographic and political features. The conditions and
features are given on plates 2 to 6 (at back of report). The
following discussions refer extensively to the plates.

Eastern Sandusky County

A complex ground-water-flow system in eastern Sandusky
County is indicated by the altitude and configuration of the
potentiometric surface on plate 2. The contours are irregularly
spaced and convoluted in several areas. Aquifer transmissivity,
recharge areas, and discharge areas influence the potentiometric
surface and indicated patterns of ground-water flow.

Transmissivities from aquifer tests (Ohio Department of
Natural Resources, 1970) near Green Springs and at well S-3
are 8,700 ft?/d and greater than 13,000 ft?/d, respectively.
(Locations are shown with diamonds in pl. 2.) Further north,
a transmissivity of about 3,500 ft?/d was determined at
well S-18. Transmissivity values of this magnitude are
representative of the high-yield well zone reported by Ohio
Department of Natural Resources (1970) and Norris and Fidler
(1971a, p. B233). The high-yield well zone includes the north-
trending buried valley about 4 mi east of Fremont (see pl. 2)
and extends eastward from the buried valley. This zone, which
can yield 500 to 1,000 gal/min to wells, is present in the
Salina Group and Bass Islands Group rocks that overlie the
Lockport Dolomite.

Recharge areas are associated with the shallow bedrock (the
shaded pattern on pl. 2) near Bellevue where karst features, such
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as caverns and sinkholes, are present. The karst in southeastern
Sandusky County is described in detail by Kihn (1988). Some cav-
ernous features appear to be related to fractures rather than to
weathering (dissolution) of the carbonate rock (Kihn, 1988,

p. 88). The configuration of the potentiometric contours indi-
cates a recharge area south of the 700-ft contour that is part of
the karst system. A localized recharge area is indicated by the
mounding of the potentiometric surface near well S-131-Y11l.

In the Bellevue area, recharge enters the aquifer directly
through drainage wells, sinkholes, and sinking streams (Ohio
Division of Water, 1961; Pettyjohn, 1972; and Kihn, 1988, p. 41).
The potentiometric surface near Bellevue indicates flow of ground
water toward the quarry just northwest of Bellevue. Drainage
wells drilled into the quarry floor allow water from a shallow
zone in the carbonate aquifer (Columbus Limestone) to drain into
a deeper part of the carbonate aquifer (in Detroit River and
older units) (Bruce Mason, France Stone Co., oral commun., 1985).

The highly convoluted patterns of the potentiometric surface
in the Bellevue area clearly indicate a different flow system
from the one farther west. Near Bellevue, flow is through frac-
tures, caverns, and other dissolution openings in the karst ter-
rain. North of Bellevue, the contours indicate flow toward
Sandusky Bay. Chemical studies at springs north of Bellevue led
Kihn (1988, p. 73) to conclude that flow in the aquifer is dif-
fuse flow rather than conduit flow common in karst areas.

Regional discharge from the carbonate aquifer in eastern
Sandusky County is by flow to springs and flowing wells.
Miller's Spring (S-30-T9) is capable of discharging more than
3,000 gal/min (Ohio Division of Water, 1968). Reports that some
parts of the surface of Sandusky Bay remain unfrozen in winter
(Dale Liebenthal, Ohio Geological Survey, oral commun., 1989)
indicate that the bay also could receive subsurface ground-water
discharge. Similar water-level altitudes in the carbonate aqui-
fer and Sandusky Bay indicate a hydraulic connection between the
bay and the aquifer. A small discharge area where wells flow
seasonally is west of the Village of Clyde.

Subsurface discharge from the carbonate aquifer to
the buried valley east of Fremont is indicated by the
potentiometric surface. The contours point upvalley, indi-
cating that ground water from the carbonate aquifer is
discharging into the valley from the southeast and south-
west. Discharge of about 5,500 gal/min from the spring at
Green Springs! is possibly a surficial expression of the
subsurface discharge from the carbonate aguifer into the

! The village was named Green Spring in 1839 because of the

emerald-green color of water that issues from the spring at
St. Francis Hospital. The name of the village was later
changed to Green Springs.
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buried valley north of Green Springs. The carbonate aquifer also
discharges into the Sandusky River channel south of Fremont.

Pumping for industrial and irrigation supplies is another
source of discharge seasonally in local areas. Water levels in
industrial wells at Fremont when the wells are pumped (P) and not
pumped (NP) indicate extreme seasonal fluctuations in water
levels. Ground water is used seasonally for irrigation in the
areas surrounding Fremont. Well S-3 is located in an area where
seasonal pumping affects water levels in the carbonate aquifer.

The hydrograph for well S-3 (fig. 17) indicates that
seasonal fluctuations in water levels occur and are generally
less than 10 ft. During the first three months of the year, the
water level is relatively constant. Seasonal declines begin in
May and continue till September. The declines are often inter-
rupted by abrupt rises of about 2 to 3 ft immediately after
rainstorms. The cause of the abrupt rise is either a response
to recharge or a response to decreased irrigation pumpage during
and after rainstorms. Water levels rise steadily during the
winter, and the cycle is repeated the following year. The
hydrograph indicates a seasonal balance between recharge and
discharge.

In other areas, seasonal water-level changes of less than
5 £t are common (table 3), except near pumping or dewatering
operations and near Bellevue, where changes of 10 to 40 ft were
measured in several wells not affected by pumping. Graphs of
intermittent water levels in three wells (fig. 18) illustrate the
water-level fluctuations in the eastern karst area near Bellevue.
In contrast to conditions at well S-3, natural seasonal changes
can exceed 40 ft at well S-129-Y25, and commonly are 10 to 30 ft
near Bellevue.

A summary of the characteristics of three ground-water-
flow systems in eastern Sandusky County is given in table 10.
Recharge and discharge characteristics are different in each
system. The diversity of geohydrologic conditions in eastern
Sandusky County is in contrast to the more uniform conditions
in western Sandusky County.

Western Sandusky County

Throughout most of western Sandusky County, potentiometric
contours are uniformly spaced (pl. 3), indicating that the
transmissivity of the aquifer, recharge characteristics, and
discharge characteristics are also relatively uniform.

Uniform transmissivity in western Sandusky County was noted
by the Ohio Department of Natural Resources (1970, p. 34).
Transmissivities computed from aquifer-test data (S-11, S-12)
were generally in the range of 200 to 700 ft?/d and approached a
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Figure 18.-—-Ground-water levels in selected wells near Bellevue, Sandusky County, Ohio, 1986-88.
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maximum of about 1,300 ft?/d (WO-12). These uniform properties
are attributed to the homogeneity of the Lockport Dolomite.
Local presence of Bass Islands Group rocks is documented,
however, and the Ohio Department of Natural Resources (1970)
reports that these rocks yield little water in this area.

Variations in the uniform spacing of contours are apparent
at several locations. For example, south of the 690-ft contour
line, contour spacing increases. The distance between contours
becomes abruptly narrow east of Lindsey near well S-170-W12, then
widens between the 580- and 570-ft contours. The narrow contour
spacing is believed to represent a zone of low-transmissivity
rock, probably similar to thinly laminated dolomite exposed in
the western side of the quarry just west of Fremont. Drillers
identify this unit as gray- and brown-streaked dolomite or
limestone. The gradational contact between the Lockport and
younger overlying strata to the east is also exposed in the
quarry. The overlying strata are more transmissive than the
Lockport, which results in the change to widely spaced contours
north of Fremont. The chemistry of water in the carbonate
aquifer (discussed later in the report) also indicates that
this area is a transition zone between two different types of
carbonate rocks.

Recharge to the aquifer in western Sandusky County is from
areas south of Sandusky County and from local recharge areas.
The thin drift and numerous areas where the carbonate rocks are
exposed at land surface provide the rationale for classifying
most of western Sandusky County as central outcrops. Drift is
less than 20 ft thick over much of this area (pl. 3). The
central outcrops contain relatively young waters compared with
water in other parts of the carbonate aquifer, showing that
recharge is taking place. Ages of ground water, as estimated
from tritium concentrations, are commonly post-1952.

Recharge is indicated by an area of high hydraulic heads in
the potentiometric surface in southwestern Sandusky County. The
700- and 710-ft contours define a ground-water divide that influ-
ences directions of ground-water flow. The potentiometric-
surface contours indicate the divergence of flow away from the
divide. This divide corresponds generally with the boundary
between the Sandusky River and Portage-Toussaint River ground-
water basins described by Hoover (1982, p. 64). The divide is in
an area of thin drift cover and is within the central outcrops.

Seasonal recharge in western Sandusky County is indicated
by water-level changes from recording gages with l-hour recording
intervals at wells WO-200-M0O24 and S-170-W12 (pl. 3). The hydro-
graphs are shown in figure 19; precipitation records for two
nearby weather stations also are plotted. Details on well con-
struction at these sites are listed in table 3.
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Well S-170-W1l2 is located in an area of thin drift cover
(3 £t to bedrock) where the water level is below the top of the
aquifer. Maximum water-level fluctuations are less than 10 ft,
with seasonal lows in September and seasonal highs in April that
reflect spring recharge. The hydrograph shows that water levels
rise rapidly during the spring in response to precipitation.
During May through October, when evapotranspiration is occurring,
water-level increases resulting from precipitation are less pro-
nounced than those that occur in the spring. Water levels in
well WO-200-MO24, where about 30 ft of clay overlies the bedrock,
show similar seasonal patterns; however, total water-level fluc-
tuations are usually S5 ft or less. Conditions at other wells
(table 3) are generally similar except near pumping.

Regional discharge from the carbonate aquifer in western
Sandusky County is to the Sandusky River and Portage River, both
underlain by bedrock channels. Localized discharge to smaller
streams also takes place. The potentiometric contours near the
Sandusky River south of Fremont indicate that ground water
discharges to the river. Pettyjohn and Henning (1979, p. 106)
have shown that this reach of the Sandusky River receives ?round—
water discharge ranging from 200,000 to 300,000 (gal/d)/mi® or
0.3 to 0.45 (ft3/s)/mi® from its watershed.

Ground-water/surface-water interactions along the Portage
River near Woodville are complicated by quarry dewatering.
Ground water discharges to the Portage River system at the rate
of 100,000 to 200,000 (gal/d)/mi? (0.15 to 0.3 (ft3/s)/mi?) of
drainage area in the Portage River basin (Pettyjohn and Henning,
1979, p. 106), on the basis of data from a streamflow-gaging
station at Woodville; however, the cone of influence from quarry
dewatering extends to the river channel and induces recharge to
the aquifer from the river. Water from well S-188-W028 between
the river and the quarry contains large amounts of silt- and
clay-sized particles believed to represent the sediment in river
water that is drawn into fractures in the aquifer during high
streamflow.

Discharge as pumpage from wells at Woodville, Lindsey,
and Gibsonburg is estimated at 0.864, 0.140, and 0.900 Mgal/d,
respectively (J.A. McClure, U.S. Geological Survey, written
commun., 1986). Quarry dewatering at Woodville and Millers-
ville also represents discharge from the aquifer system of
1 and 0.1 Mgal/d, respectively.

Southern Wood County

The potentiometric surface in southern Wood County, shown
on plate 4, indicates that geohydrologic conditions, including
transmissivity, recharge, and discharge, differ in the eastern
and western parts of the area. The uniform characteristics
described for western Sandusky County extend into easternmost
southern Wood County.
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The uniform spacing of potentiometric contours in south-
eastern Wood County changes markedly to widely spaced and
convoluted contours to the north and also to the west of the
Bowling Green fault zone. The change in contour spacing is
probably due, in part, to the variation in the water-bearing
properties of the carbonate rocks, which are summarized in terms of
transmissivity in table 11. The wells east of the fault zone
produce water in part from the Lockport Dolomite, and transmis-
sivities are consistent with those for the Lockport in western
Sandusky County.

Potentiometric contours are tentative, and, therefore, are
dashed in the area designated as the Bowling Green fault zone
because of a lack of water-level data. Van Wagner (1988) reviewed
data available on the fault and interpreted geophysical and water-
well data to indicate that the fault is actually a zone of dis-
turbed or fractured rock about 2 mi wide. The dashed contour lines
across the fault zone indicate that different ground-water-flow
systems may be present on the two sides of the fault zone; however,
because of the fracturing associated with the fault, the flow
systems may be hydraulically connected.

Regional recharge originates mostly in areas south of Wood
County. Ground water flows northward into Wood County, and addi-
tional recharge occurs locally in the shallow bedrock areas of
southeastern Wood County (note shaded pattern on pl. 4). Localized
recharge is indicated by the closed 680-ft contour south of Bowling
Green and the closed 670-ft contour in southern Freedom Township.
In both areas, shallow bedrock is overlain by permeable sand
deposits.

Estimates of ground-water age can be made only for the eastern
half of southern Wood County because no samples were analyzed for
tritium concentrations in the western half. Water ages appear to
be variable in the eastern half, probably because recharge is
affected by the variable thickness of drift overlying the carbonate
aquifers. In wells sampled near the Hancock-Wood County line,
waters contain no tritium and are probably pre-1952. Evidence for
young waters is restricted to five samples from wells north of West
Millgrove and Cygnet. The highest concentrations of tritium were
in waters from wells at Bradner and Bowling Green.

Ground water discharges from the carbonate aquifer into
quarries near Custar, Portage, West Millgrove, and near North
Baltimore. The quarries are dewatered at rates estimated at 0.6,
0.5, 0.3, and 1.5 Mgal/d, respectively. Estimates of pumpage from
public-supply wells at Cygnet, Bloomdale-Bairdstown, Bradner, and
Wayne are 0.06, 0.05, 0.09, and 0.07 Mgal/d, respectively. Draw-
down from these pumped wells is localized and is not known to
influence the regional pattern of ground-water flow. Potentio-
metric contours on the northeastern corner of plate 4 indicate a
convergence of flow to t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>